Surface water wave measurements in coastal Georgia, USA are considered. The dataset includes non-directional wave energy spectra measured via pressure transducers at two locations; non-directional, wave buoy-derived observations at a third; and directional wave buoy observations at a fourth, closest to shore. Mean depths at the observation sites range from 14 to 44 m. Measurements of non-directional surface wave energy spectra and the resulting bulk wave parameters (height, period) are compared at the four locations to reveal spatial and temporal variations. Directional characteristics of the waves are investigated at the nearshore site. A new, simple definition for directionally bimodal spectra is proposed and applied. The importance of directional bimodality when considering problems that are sensitive to wave direction, such as longshore sediment transport, is demonstrated. Neglect of directional bimodality via the use of a single mean wave direction can lead to significant errors in computation of longshore sediment transport, and potentially even the incorrect sign on computed quantities.
. Definitions of wave parameters derived from directional and non-directional wave energy spectra for comparison of measurement systems. Note that in practice, moments of energy spectrum are evaluated via numerical integration, with a finite upper bound on frequency.
Parameter Definition
Moment of one-dimensional energy spectrum Spectrum-based wave height
Wave period at peak of spectrum T p = 1/f p , features a maximum monthly wave height in September, when mean winds are also maximized and hurricanes are most likely. Temporal variability differs by site, but all sites mimic similar trends in mean wind speed, and wave heights collapse together during the calmer summer months. Directional characteristics of the winds at the three measurement sites are also similar (Figure 2 , middle panel), suggesting that the relative importance of swell arriving from directions other than the wind direction is similar at each site. The lower panel in Figure 2 shows that the wave heights at the nearshore site (where wind data are not available) closely follow the wind speeds at the nearest site with wind data (correlation coefficient between Grays Reef wind and Tybee Roads wave height = 0.73). Correlation between wind and wave directions is slightly lower because of the steering effects of refraction due to bathymetric gradients. A strong semi-diurnal variation is evident in the wave heights at the two nearshore sites (Tybee Roads and Grays Reef), arising from the 10-15% change in water depth that occurs within a tidal cycle at these sites. Figure 3 shows monthly mean, non-directional wave energy spectra at the Tybee Roads buoy site for four different months. Energy below 0.10 Hz is small, and consistent (and in part resulting from instrument noise, see Work, 2008) ; energy at higher frequencies varies by season, with a maximum in September. Measurements at the other stations are similar, with the overall energy level increasing with distance offshore.
NON-DIRECTIONAL WAVE ENERGY SPECTRA
The spectra may be visualized as a swell spectrum centered near 0.10 Hz with a wind wave spectrum superimposed at higher frequencies. The wind wave spectrum has its own peak frequency, which displays an inverse tendency on wind speed. For fully developed waves, Donelan et al. (1985) suggest that
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Figure 3. Temporal variation in mean non-directional wave energy spectra as measured by Triaxys buoy at Tybee Roads site. Each spectrum represents a monthly mean, computed using all available data obtained during the three-year measurement campaign. Where U is wind speed, C wave celerity, and β inverse wave age. For the case of deep water (h/L > 1/2) this results in an inverse relationship between wave frequency and wind speed:
The site considered here is deep only for waves with frequencies above 0.24 Hz, but spectra in intermediate depth water are still dispersive and should display similar inverse dependence between frequency and wind speed, and the wind wave peak seen in Figure 3 is consistent with this idea. The July spectrum, for example, displays a maximum near 0.10 Hz and a secondary maximum in the 0.20-0.25 Hz range, the latter attributable to the lower wind speeds observed in summer. In winter the frequency associated with the wind wave part of the spectrum is smaller, due to the larger wind speeds, and this energy overlaps with and typically dominates over the swell portion of the spectrum.
A best fit of Equation (2) to the monthly mean wind speeds measured at the Grays Reef buoy and peak wind wave frequencies at the same location results in (3) Where U 5 is the wind speed measured at the 5 m elevation and the empirical coefficient of 0.52 is dimensionless. Assuming a 1/7-power velocity profile (Sverdrup 1934) , U 10 would be 10% larger. The differences between Equations (2) and (3) are likely attributable in part to the fact that the measurements often do include some swell energy. Even with dominance of the energy in the sea band, the presence of swell that overlaps with some of the sea energy could reduce the frequency at which the energy maximum is found.
DIRECTIONAL SPECTRA
Of the sites considered, only the one closest to shore features directional wave energy spectra. Work and Srisuwan (2010) presented a method for identification of sea vs. swell waves using non-directional wave energy spectra derived from observations in finite water depth. Many of these spectra were bimodal along the frequency axis, featuring one peak corresponding to swell and another consistent with higher-frequency wind waves. Inspection of the directional spectra reveals that in many cases, the spectra are often bimodal in direction as well, with the two peaks at different directions and frequencies. As noted by Young et al. (1995) , Young and Verhagen (1996) , and Toffoli et al. (2010) , the directional bimodality can occur even with wind direction remaining steady, but in most of the cases observed here that are bimodal in direction, inspection of the mean wind speeds prior to the time of measurement reveals that the lower frequency peak is at a direction matching that of a previous wind measurement (perhaps the previous day), and the direction of the higher frequency peak matches the wind direction at the time of measurement. Figure 4 provides one example consistent with this pattern.
The directional energy spectrum S(f, θ) is typically represented as the product of the non-directional spectrum E(f ) and a directional spreading function, D( f, θ):
where the directional distribution must satisfy the following:
A variety of measures have been employed to quantify the magnitude of the directional spreading and the higher moments of the directional distribution. Most require computation of the mean propagation direction for each frequency, θ m ( f ). This is evaluated here from the directional spectra as follows:
Directional Bimodality in Nearshore, Surface Water Wave Energy Spectra, Georgia, USA International Journal of Ocean and Climate Systems Mitsuyasu (1975) proposed the use of a parameter s controlling the shape of the directional distribution, as follows: (7) where (8) and suggested that (9) so that as wind speed increases, spreading parameter s decreases, increasing the directional spread, and as the wave field develops, reducing the peak frequency, s increases, reducing the directional spread. While a single value of s is used to represent the entire directional spreading function, this function remains frequency dependent because of the variation of mean direction by frequency. Energy at any frequency is assumed to be distributed symmetrically about the mean direction, however, with no secondary maxima at other directions. Figure 5 , derived from the Tybee Roads wave buoy measurements, shows a different measure of directional spread (described below) but is consistent with this description: the largest values of directional spread correspond to the smaller wave heights and shorter wave periods. The storm events that lead to larger wave heights and longer periods feature smaller directional spread. This same directional spreading was not well correlated, however, with either wave steepness (H/L) or wave age (wave celerity over wind speed) for the conditions encountered. The directional skewness of the spectrum may be evaluated similarly as (11) and the kurtosis as (12) Equations 10-12 form a relatively simple way of parameterizing the directional distribution for the waves, allowing directional spectra to be more easily compared.
Numerous objective measures have been defined to categorize directional wave spectra as unimodal or bimodal. For example, Kuik et al. (1988) suggest the following as upper limits on the directional kurtosis for unimodal spectra: (13) i.e. if the kurtosis exceeds the values given in Equation (13), the spectra are classified as bimodal. Nwogu et al. (1987) proposed use of a frequency dependent, dimensionless measure of bimodality (14) and suggested that a negative value of β implies a bimodal spectrum. These approaches in theory could identify bidirectionality that occurs at a single given frequency. An instrument that estimates directional spectra based on quantities measured at (nominally) a point, such as the wave buoy considered here, can resolve waves arriving from different directions if at different frequencies, but is not well-suited for resolution of spectra that are multimodal in direction at any particular single frequency. Instead, a measure was sought to identify instances where sea and swell were arriving from different mean directions.
From the frequency dependent spreading function defined by (10), it is also possible to compute a single descriptor of directional spreading for the entire spectrum, as follows: (15) where both integrals are evaluated over the entire range of frequencies. This is essentially a weighted standard deviation of the entire spectrum. In general this approach results in a larger value when the spectrum is bimodal, but it is somewhat misleading when the sea essentially consists of two independent spectra propagating from different directions. In this case it makes more sense to define a directional spread for each of the two major components of the spectrum, i.e. sea and swell components. (16) where i = 1, 2 for swell and sea portions of the spectrum and f l and f h denote low and high limits of the frequency band being considered. Likewise, weighted mean directions can also be computed for both frequency bands:
To identify spectra that were bimodal in direction, a dimensionless bimodality index BI was defined as (18) where the denominator represents the directional spread computed for the entire spectrum using Equation (15). Cases where BI > 1 were defined as bimodal in direction. This is a somewhat subjective definition, but when BI exceeds unity, an observer should be able to detect two distinct directions associated with the wave field, since the difference in mean directions exceeds the directional spread of the spectrum.
Using the definitions provided above, for the site considered here, 26% of the directional spectra were judged to be bimodal in direction. The mean wave height for these records was 92% of the overall mean, meaning that bimodal conditions became slightly less likely as wave height increased. Figure 6 shows a clear inverse relationship between the bimodality index and the upper bound on the directional spread -the largest directional spread occurs when bimodality index is small. Directional spectra featuring distinct sea and swell peaks tend to result in larger values of the bimodality index and smaller overall directional spread, in part because the swell peak is often found within a fairly narrow
Work, Paul A 161 directional band, as suggested by Equations 7-9. For the bimodal cases, the upper bound on directional spread (for the entire spectrum considered) is given by
with the spreading parameter given in degrees. This empirical result should be expected, since it is essentially a rearranged version of (18), noting that the maximum possible difference in direction between the sea and swell components of the spectrum is 180 degrees.
IMPLICATIONS FOR LONGSHORE TRANSPORT
Nearshore, directional wave data are often used to quantify wave-driven, longshore fluxes of water or sediment. But often only parameterized wave information is used, typically mean or peak period, mean or peak direction, and a single wave height. The dataset discussed here allows computation of longshore components of energy based either on these selected wave parameters, or with better resolution of the directional spectrum. The two approaches were compared to investigate the suitability of the parametric approach, and the importance of resolving the not-infrequent directional bimodality. Figure 7 shows the histogram of mean wave directions relative to the shore-normal vector for the northern portion of the coast of Georgia (127 deg true) based on the Tybee Roads wave buoy data for the entire period of interest. The mean direction is -14 degrees w.r.t. shore normal, indicating that it is more likely to have waves tending to drive nearshore flows toward the southwest. There is significant temporal variability that is not evident in this plot, however, but is revealed in Figure 8 , which shows similar plots for the months of January (mean direction -19 degrees), May (+20 degrees), July (+19 degrees), and October (-25 degrees). Note also that the island nearest the wave buoy, Tybee Island, has a shoreline orientation that differs from the overall trend of the coast, such that the incident waves are on average arriving from a direction that would tend to drive sediment from south to north, contrary to the overall trend noted above. Refraction effects have not been included here, but typically do not result in a sign change of the wave direction with respect to the shore-normal vector. The histogram of mean wave direction for January is strongly bimodal (Figure 8) , with one peak arising from winds from the northeast and a second peak centered on the shore-normal direction. By May, the winter wind pattern has begun to switch to the summer scenario, with more frequent winds from the southern quadrant, but the effects of winds from the northeast are still evident. The July result shows almost all records from south of shore-normal, so that longshore transport would change sign for much of the region. By October the pattern has shifted back to the winter scenario, with most waves arriving from the northeast sector.
This pattern becomes more clear when the directional distribution of wave power (energy flux) approaching the coast is considered, essentially weighting each record by the product of the square of the wave height and the wave group velocity (Figure 9 ): (20) where ρ is water density, h water depth, and k = 2π/L the wavenumber. This approach provides a more representative depiction of the potential for longshore transport. Weighting the direction by wave power modifies the magnitude of the mean direction slightly, but does not change the sign of the result, since the same mean wave direction is being used for each set of computations. Figure 10 shows mean wave power vs. relative wave direction by month, for the same representative months considered above. The January plot reveals that the waves from the northeast dominate; the mean direction, weighted by power, is -30 degrees, relative to shore-normal for the general trend of the coast. By May, the pattern has changed significantly, with waves from the south dominating, but a large secondary peak from the northeast still exists. Mean direction is +14 degrees, between the two peaks in the distribution, and total power is about half that of January. The mean power in July is slightly above
Volume 2 · Number 3 · 2011 the May value, and the mean direction slightly less oblique (+11 degrees), but most of the energy arrives from south of shore-normal. By October the picture has returned to the winter pattern, with a peak from the northeast and a secondary peak close to the shore-normal direction. Mean power peaks in September, with a value nearly double that of the next largest month. The unweighted mean wave directions ( Figure  8 ) and the weighted mean directions (Figure 10 ) often have similar magnitudes (Figure 9 ), and typically have the same sign, in any given month, but there are some exceptions, indicating that it is important to use the appropriate weighted mean when computing quantities of interest. In either case, the mean wave direction often corresponds to a direction from which waves are actually quite infrequent.
All of the results discussed above are based on the use of a single mean wave direction for each record. The results can be significantly different if longshore components of wave power are computed using additional resolution of the spectra (Defne et al. 2009 ). Figure 11 shows the longshore component of power -essentially the power plotted in Figure 10 multiplied by the sign of the wave angle relative to the shore normal vector -versus angle of incidence. Each curve passes through (0,0) since the longshore component of power vanishes for normally incident waves. The solid line shows the result obtained by use of the single wave height and mean wave direction. If separate sea and swell wave heights and mean directions are used instead, the results shown by the two dashed lines are obtained. Energy flux is proportional to wave height squared, and the wave heights can be shown to follow (21) meaning that the same energy flux (power) is obtained whether the sea and swell components are added together, or the total power computed directly from the total wave height. The directions associated with each component are different, however, and the longshore component of power depends nonlinearly on the incident wave angle. Thus a different result is obtained when the sea and swell components are considered separately. The difference will be insignificant when the waves all come from a narrow directional band, but it could be quite significant in some cases, as is apparent in Figure  11 . The bimodality index introduced above can be used as a simple measure of the need to resolve the different components of the longshore power when computing sediment transport rate or other fluxes.
CONCLUSIONS
A dataset defining surface water waves at four locations across the continental shelf in Georgia, USA, was § considered. The dataset includes hourly, non-directional wave energy spectra at three of the four locations, and directional spectra at the site closest to shore.
Temporal and spatial variations in wave conditions in the area were examined. There is a strong correlation between the mean monthly wind speeds and mean monthly wave heights, and winter months also show a strong correlation between wave height and distance offshore.
A simple, new method was introduced for objectively assessing whether a directional spectrum is directionally unimodal or bimodal. For the site considered in the paper, per this definition, waves were found to be directionally bimodal approximately 26% of the time. The bimodality can be particularly important when assessing wave-driven longshore transport of sediment, water, or other quantities, so it is important to resolve details of the directional spectrum when computing these values from wave data, rather than simply using bulk wave parameters such as wave height and mean direction. Even introducing only the simple improvement of resolving sea and swell wave heights and mean directions for each component can potentially result in a sign change on the computed longshore transport.
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NOTATION
The following symbols are used in this paper: BI = bimodality index; C = wave celerity; C g = wave group velocity; D( f, θ) = directional spreading function; E = wave energy density; E(f) = non-directional energy spectrum; f = wave frequency; f m = mean wave frequency; f p = peak wave frequency; g = acceleration of gravity; h = water depth; H = wave height; H m0 = spectrum-based wave height; k = wavenumber; L = wavelength; m n = moment of non-directional energy spectrum P = wave power; s = directional spreading parameter; S( f, θ) = directional energy spectrum; T = wave period; T m = mean period; T p = peak mean period; T z = mean spectral period; β = inverse wave age; β(f) = bimodal spectrum estimator; σ(f) = directional spread; γ(f) = directional skewness; δ(f) = directional kurtosis; ρ = water density; θ = wave direction; θ m (f) = mean wave direction; U = wind speed; 
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